Background Biomarkers of AKI that can predict which patients will develop severe renal disease at the time of diagnosis will facilitate timely intervention in populations at risk of adverse outcomes.
Introduction
One of the most important factors underlying the poor outcomes seen in AKI is our current method of diagnosis, which is based on either an increase in serum creatinine (SCr) or decreased urine output (1, 2) . SCr and urine output values at the time of diagnosis are of limited prognostic value, making it difficult to discriminate between mild and severe AKI at the time of diagnosis. The need for better biomarkers of AKI has been recognized as a crucial barrier to improvement of the outcomes of AKI patients. Newer biomarkers of AKI include kidney injury molecule 1, neutrophil gelatinase-associated lipocalin (NGAL), IL-18, and cystatin C (3) (4) (5) (6) (7) (8) (9) . Many of these biomarkers initially appeared capable of early, accurate detection of AKI, but subsequent verification studies have reported lower accuracy (10) (11) (12) (13) (14) (15) (16) (17) . In addition, the emphasis on early detection has overshadowed investigation of their prognostic predictive power. Available data on the prognostic value of these biomarkers suggest that they are limited predictors of adverse outcomes (18, 19) . The limitations of biomarkers underscore the need to discover new prognostic biomarkers.
Approximately 20% of patients who undergo cardiac surgery develop AKI. The timing of the injury can be readily determined in these patients (20) . We used proteomics to identify prognostic urinary biomarkers of AKI after cardiac surgery. We performed a verification of angiotensinogen in patients who developed AKI after cardiac surgery. This is the first study to demonstrate the utility of angiotensinogen as a prognostic biomarker of AKI.
Materials and Methods

Urine Samples
Urine samples were obtained from 99 consecutively enrolled patients who had cardiac surgery at one of the SAKInet institutions between August 1, 2008 and October 6, 2011. Informed consent was obtained in accordance with the institutional review boardapproved protocol at each institution. Samples were collected and stored using a standard operating procedure that included centrifugation, addition of protease inhibitors, and storage at 280°C. Urine samples were collected as early as possible after AKIN serum creatinine criteria were met (2) . Inclusion criteria were surgery of the heart or ascending aorta and development of AKI within 2 days of surgery. Participants with baseline SCr .3 mg/dl were excluded. Twelve samples were used in the proteomic studies, 10 of which were also used in a validation set that included samples collected from the remaining 87 participants in the study. Of the samples used in the validation set, 79 were from patients classified as having AKIN stage 1 at the time of sample collection.
Proteomic Analyses
A detailed description of the methods is available in the Supplemental Material. HIV protein gp160 (200 ng; Bioclone Inc) was spiked into each urine sample. Proteins were denatured, alkylated, and digested with trypsin. Samples were prefractionated by solid phase extraction using a Strata-X SPE cartridge (Phenomenex). Sample fractions were reconstituted in mobile phase A (MPA) (98% H 2 0, 0.1% formic acid; 2% acetonitrile). Five microliters of each fraction was injected onto an Acclaim PepMap100 trap column, washed with 100% MPA, and separated on an Acclaim PepMap100 analytical column (75 mm ID 3 15 cm, C18, 3 mm, 100 Å; Thermo Scientific) using a 45-minute two-step gradient. Tandem mass spectrometry (MS/ MS) was performed using an AB SCIEX Triple TOF 5600 mass spectrometer. Acquired spectra were searched against the 2011_6 release of the Human UniProtKB/ Swiss-Prot database (20, 127 entries) with addition of common contaminants (112 entries) using the Mascot search engine with trypsin as the specified enzyme. Monoisotopic masses were used, and the error tolerances were 10 ppm and 0.5 Da for peptides and MS/MS fragments, respectively. Mascot search results were loaded into Scaffold (Proteome Software Inc), which used the Peptide Prophet and Protein Prophet algorithms to validate peptide and protein identifications (21, 22) . The Scaffold quantitative values of identified proteins were normalized to the internal standard HIV protein, and the relative abundance of each protein is reported in normalized spectral counts.
Angiotensinogen ELISA
The Human Total Angiotensinogen Assay Kit (ImmunoBiologic Laboratories Co. Ltd.) was used according to the manufacturer's protocol. Values for intra-and interassay variability were 2.4% and 9.9%, respectively.
Urine Creatinine Determination
Urine creatinine was measured using the Jaffe assay.
Outcomes
The primary outcome was worsening of AKI, defined as progression to a higher AKIN stage after the time of sample collection. Secondary outcomes were progression to AKIN stage 3, the need for renal replacement therapy (RRT) within 10 days of sample collection, progression to AKIN stage 2 or 3, progression to AKIN stage 3 or death, RRT or death, and discharge .7 days from the time of sample collection or in-hospital mortality. Outcomes were tested using the entire cohort and in the subset of patients classified as AKIN stage 1 at the time of sample collection.
Statistical Analyses
Differential abundance of proteins quantified by LC-MS/MS was tested using the Wilcoxon rank-sum test which has been shown to be a robust test for identification of candidate biomarkers in proteomic studies (23) . Candidate biomarkers were selected based upon the combination of P values from the Wilcoxon rank-sum test and mean fold-change between the experimental groups. The relationship between these two measures was visualized by "volcano plot." In verification studies, count data were analyzed using the chi-squared or Fisher's exact test as appropriate. Continuous variables were analyzed using the t test or Mann Whitney U test. ANOVA or Kruskal-Wallis ANOVA on ranks test and the post hoc Dunn's test for pairwise comparison were used to evaluate continuous variables when more than two groups were compared. Odds ratios (ORs) were used to test the association of uAnCR with selected outcomes. Patients were stratified by uAnCR into quartiles. The effect of uAnCR on the risk of developing an outcome was tested by calculating the OR of the upper and lower quartiles and estimating the 95% confidence interval of the OR. Receiver operator characteristic (ROC) curves were constructed to determine the prognostic predictive power of uAnCR. Univariate ROC curves were considered statistically significant if the area under the curve (AUC) differed from 0.5, as determined by the z test. Optimal cut-offs were determined by selecting the data point that minimized the geometric distance from 100% sensitivity and 100% specificity on the ROC curve (24) . To visualize the relationship between uAnCR and length of stay, patients were stratified into tertiles by uAnCR. Kaplan-Meier curves with censoring for death were plotted. The log-rank test was used to compare the curves and the Holm-Sidak test was used for post hoc pairwise comparison. Category free net reclassification improvement (cfNRI) was used to determine if addition of uAnCR to a multivariate logistic regression model for prediction of risk increased the ability of the model to predict worsening of AKI (25, 26) . The risk prediction model consisted of the Cleveland Clinic cardiac surgery risk score and percent change in serum creatinine at the time the urine sample was collected (27) . Statistical tests were performed in Matlab or SigmaPlot.
Results
Discovery of Candidate Prognostic AKI Biomarkers
We used LC-MS/MS to compare the urinary proteomic profiles of 12 patients who developed AKI after cardiac surgery, 6 of whom later required RRT and 6 of whom did not. There were no statistically significant differences between the two groups with respect to the demographic characteristics, sample collection time, use of cardiopulmonary bypass, bypass time, type of surgery, preoperative SCr, and SCr at the time of sample collection (Supplemental Table 1 ). We identified 343 proteins, of which 59 were unique to $1 patients who required RRT and 5 were unique to $1 patients who did not ( Figure 1A ). The relative abundance of 30 proteins was statistically different between the two groups (Table 1 and Supplemental Table  2 ). The abundance of 26 proteins was increased in the urine of patients who required RRT and four were decreased. We selected angiotensinogen as the most promising candidate marker based on the combination of its low P value (P=0.002) and relatively large mean fold-change (9.67-fold) difference between groups ( Figure 1B ). Relative abundances of angiotensinogen for the individual participants ( Figure 1C ) demonstrate that urinary angiotensinogen discriminated with 100% accuracy between patients who required RRT and those who did not in this group. On the basis of these data, we attempted to verify the potential of urinary angiotensinogen as a biomarker of severe AKI after cardiac surgery.
Verification of the Prognostic Ability of Urinary Angiotensinogen
We measured urinary angiotensinogen by ELISA and verified its association with outcomes in patients who had developed AKI after cardiac surgery (n=97). These patients were divided into three groups by maximum AKIN stage: stage 1 (n=59), stage 2 (n=19), and stage 3 (n=19). Seventynine patients were classified as AKIN stage 1 at the time of urine sample collection. Ten of these patients progressed to a maximum AKIN stage of 2, 10 progressed to AKIN stage 3 and 59 did not progress. There were no statistically significant differences among the groups with respect to sex, race, age, use of bypass, bypass time, preoperative SCr, and type of surgery (Table 2 ). In addition, SCr was not statistically different among the groups in the subset of patients who were classified as AKIN stage 1 at collection.
Among all patients who had developed AKI of any stage at the time of urine sample collection, uAnCR (nanograms of angiotensinogen per milligrams of creatinine) was correlated with both maximum SCr (r=0.49; P,0.001) and maximum percent change in SCr (r=0.29; P=0.01), and uAnCR increased with maximum AKIN stage achieved in both the whole cohort and the subset of patients classified as AKIN stage 1 at collection (Supplemental Figure 1) . Pairwise comparison revealed a statistically significant difference in uAnCR between the patients who developed AKIN stage 3 and those who reached a maximum of stage 1 ( Table 2 and Supplemental Figure 1) .
Patients with higher uAnCR had increased risk of adverse outcomes (Supplemental Table 3 ). Comparing patients in the top quartile of uAnCR to those in the bottom quartile, the odds ratio for the primary outcome worsening of AKI was 5.0 (95% CI, 1.2-21.5) in the whole cohort and 4.6 (95% CI, 1.0-21.0) in the subset of patients who were classified as AKIN stage 1 at the time of sample collection. uAnCR discriminated between patients who experienced worsening of AKI after sample collection and those who did not in both the whole cohort (Figure 2A ; AUC=0.70) and in the subset classified as AKIN stage 1 at collection ( Figure 2B ; AUC=0.71). At the optimal cut-off (33.27 ng/ mg), the sensitivity and specificity of uAnCR were 70.8% and 66.2%, respectively, in the whole cohort. In patients who were classified as AKIN stage 1 at collection, sensitivity and specificity were 75.0% and 66.1%. ROC curves for the other tested outcomes showed similar results (Supplemental Figures 2 and 3) . Notably, the predictive power for most outcomes among those patients classified as AKIN stage 1 at collection appeared to be slightly augmented compared with the analysis of the entire cohort. For example, uAnCR discriminated with high accuracy (AUC=0.81) between patients who later met the outcome of AKIN stage 3 or death and those who did not.
In addition to the prediction of the renal and mortality outcomes, we noted a relationship between uAnCR and length of hospital stay. Among all AKI patients and in the subset of patients classified as AKIN stage 1 at the time of collection, those patients with higher uAnCR concentrations had longer hospital stays ( Figure 3, A and B) . ROC curve analysis indicated that elevated uAnCR was predictive of longer length of stay defined as discharge .7 days from the time of sample collection or death (Supplemental Figures 2 and 3) . Tables 3 and 4 summarize the performance characteristics of uAnCR as a predictor of the tested outcomes in patients who had AKI of any stage at the time of sample collection and those who had not progressed beyond AKIN stage 1 at the time of sample collection.
We determined the ability of uAnCR to improve the prediction of worsening AKI of a clinical risk model in both the entire cohort and in the subset of patients classified as AKIN stage 1 at the time of urine collection. The clinical model was a multivariate logistic regression model consisting of the percent change in SCr from baseline at the time of sample collection and the patient's Cleveland Clinic score, a perioperative risk score that predicts AKI severity after cardiac surgery (27, 28) . When uAnCR was added to the clinical model, we found that it predicted worsening of AKI independently of the percent change in SCr and the Cleveland Clinic score (P=0.02). We used cfNRI, which compares each patient's calculated risk for an outcome using a reference model to a new model, to capture the added benefit of including uAnCR in the model. Addition of uAnCR in the new model improved the ability to predict a patients risk of worsening of AKI in both the entire cohort and the subset of patients who were classified as AKIN stage 1 (cfNRI=45.7% and 42.8%, respectively). To visualize the improvement in prediction, we constructed a risk assessment plot, as proposed by Pickering and Endre (26) . This plot compares the sensitivity and 1-specificity of the reference and new models across the spectrum of calculated risk for each model. Figure 4 shows that the addition of uAnCR into the model resulted in patients who met the outcome (events) having a greater calculated risk, and patients who did not meet the outcome (nonevents) had a lower calculated risk. Therefore, both sensitivity and specificity were improved by including uAnCR in the prediction model.
Discussion
We identified candidate biomarkers for the prediction of the development of severe AKI, and the prognostic potential of the most promising candidate, angiotensinogen, was verified in a larger set of patients who developed AKI after cardiac surgery. We found that uAnCR was elevated in Relative protein abundance was estimated using normalized spectral counts. RRT, renal replacement therapy. N/C, the value was not calculated because the denominator is zero. (61) 10 (53) 11 (58) 0.81
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6 (10) 1 (10) 3 ( patients who developed more severe AKI after sample collection. Elevated uAnCR was associated with worsening of AKI, independent of changes in SCr and Cleveland Clinic score, and it was also associated with several secondary outcomes. The prognostic predictive power of uAnCR was improved when only patients who were classified as AKIN stage 1 at the time of sample collection were used in the analysis, indicating that angiotensinogen could be used to predict adverse outcomes among patients who have not yet developed severe AKI as measured by serum creatinine. Our data suggest that angiotensinogen could be used at the time of diagnosis with AKI to assess the risk of adverse outcomes. This risk assessment could lead to improved outcomes by identifying high-risk patients in need of therapeutic intervention as was highlighted in the Kidney Figure 2 . | Angiotensinogen is associated with worsening of AKI. ROC curves were used to test the ability of uAnCR to predict worsening of AKI after sample collection among (A) patients who were any stage AKI at the time of collection (n=97) and (B) the subset who were classified as AKIN stage 1 at collection (n=79). ROC, receiver operator characteristic; uAnCr, urine angiotensinogen/creatinine ratio; AUC, area under the curve. Figure 3 . | Angiotensinogen is associated with increased length of stay in patients with postoperative AKI. Patients who developed AKI after cardiac surgery were stratified into tertiles by uAnCR. Kaplan-Meier survival curves show that (A) among patients with AKI of any severity at the time of collection and (B) among patients with AKIN stage 1 at the time of collection, those who have higher uAnCR have increased length of stay (defined as days to discharge from time of sample collection). *P,0.05 compared with the low uAnCR group. uAnCr, urine angiotensinogen/creatinine ratio. (18) . Koyner recently reported unadjusted AUCs of 0.58, 0.63, and 0.74 for urine NGAL, urine IL-18, and plasma NGAL, respectively, for the outcome of worsening of AKI (19) . Thus, uAnCR, alone or in combination with other biomarkers could improve risk classification models in these patients.
Angiotensinogen is the principal substrate of the reninangiotensin system (RAS), a hormonal cascade that has pleiotropic effects in the kidney, including the regulation of hemodynamics, sodium reabsorption, aquaresis, cellular proliferation and apoptosis, fibrosis, and inflammation (30) . Our findings regarding the prognostic utility of angiotensinogen as a biomarker of AKI suggest that the RAS could be mechanistically involved in AKI. This is supported by observational studies that have noted an association between pharmacologic inhibition of the RAS and risk of developing AKI, although there are conflicting reports in the literature (31) (32) (33) (34) . The ACE II genotype has been associated with increased risk of AKI in the ICU (35) . It is unclear whether the elevated levels of urinary angiotensinogen observed in severe AKI reflect cleavage of existing angiotensinogen into angiotensin I and subsequent bioactive molecules in the RAS cascade. The identified portions of angiotensinogen in our proteomic study did not include the proximal domain of angiotensinogen from which angiotensin I is cleaved (Supplemental Figures 4 and 5) . Likewise, the ELISA used to quantify angiotensinogen recognizes an epitope distal to the angiotensin I domain, so it is insensitive to the detection of cleavage of angiotensinogen by renin. Also unclear is whether increases in angiotensinogen are systemic or intrarenal in nature. However, others have shown that intrarenal angiotensin II is increased after renal ischemiareperfusion injury in a rat model (36) . In order to understand the relevance of urinary angiotensinogen in the pathobiology of AKI, it will be necessary to determine the status of the renin-angiotensinogen system during AKI. Of 97 patients in the whole cohort (A), 39 patients met the outcome worsening of AKI after sample collection, whereas in the subset analysis, 20 patients met the outcome. Two multivariate logistic regression models were created to predict risk of worsening of AKI after sample collection. The first model (reference) used percent change in SCr from baseline and Cleveland Clinic score created by Thakar et al. The second model included these variables plus uAnCR. Each patient's probability (i.e., risk) of meeting the outcome worsening of AKI was calculated with both models. The sensitivity (proportion of events with a calculated risk equal to or above the defined threshold) and 1-specificity (proportion of nonevents with a calculated risk below the defined threshold) was calculated across all possible unique thresholds using both models. uAnCr, urine angiotensinogen/creatinine ratio.
